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Summary
Histone variants help specialize chromatin regions; how-
ever, their impact on transcriptional regulation is largely
unknown. Here, we determined the genome-wide lo-
calization and dynamics of Htz1, the yeast histone H2A
variant. Htz1 localizes to hundreds of repressed/basal
Pol II promoters and prefers TATA-less promoters.
Specific Htz1 deposition requires the SWR1 complex,
which largely colocalizes with Htz1. Htz1 occupancy
correlates with particular histone modifications, and
Htz1 deposition is partially reliant on Gcn5 (a histone
acetyltransferase) and Bdf1, an SWR1 complex mem-
ber that binds acetylated histones. Changes in growth
conditions cause a striking redistribution of Htz1 from
activated to repressed/basal promoters. Furthermore,
Htz1 promotes full gene activation but does not gen-
erally impact repression. Importantly, Htz1 releases
from purified chromatin in vitro under conditions where
H2A and H3 remain associated. We suggest that Htz1-
bearing nucleosomes are deposited at repressed/
basal promoters but facilitate activation through their
susceptibility to loss, thereby helping to expose pro-
moter DNA.
Introduction
Eukaryotic genomes are partitioned into chromatin re-
gions of varying composition, character, and length.
Though diverse in composition, there are themes to the
construction of all chromatin regions. First, chromatin
can bear nucleosomes formed from the four canonical
histones (H2A, H2B, H3, and H4,) or nucleosomes bear-
ing histone variants that help specialize chromatin re-
gions (Henikoff et al., 2000; Henikoff et al., 2004; Mizu-
guchi et al., 2004; Smith, 2002). Whereas canonical
nucleosomes are deposited during DNA replication,
certain histone variants can be deposited actively in a
replication-independent manner, as has been demon-
strated for histone H3.3 (Ahmad and Henikoff, 2002).
Second, covalent modifications (such as acetylation or
methylation) are directed to nucleosomes in particular
regions, which then attract additional proteins that fur-
ther influence the composition and active state of the
gene or region (Jenuwein and Allis, 2001). Third, nu-
cleosomes are mobilized by complexes termed Re-
modelers to assume their correct positions on the DNA,*Correspondence: brad.cairns@hci.utah.eduwhich can either facilitate or impede processes such
as transcription (Owen-Hughes, 2003). The order and
relative importance of these three processes varies at
individual loci and is guided (in part) by site-specific
DNA binding proteins, which can recruit chromatin re-
structuring, modifying, and remodeling factors. Together,
these factors regulate the dynamic properties of chro-
matin.
A central question in the field of chromatin regulation
is how histone variants regulate transcription (Kamakaka
and Biggins, 2005). Our studies focus on Htz1, the sole
histone H2A variant in the budding yeast S. cerevisiae
and an ortholog of mammalian H2A.Z (Jackson et al.,
1996). At least three features of H2A.Z/Htz1 distinguish
it from H2A: (1) a unique C-terminal tail important for
specifying H2A.Z/Htz1 deposition (Adam et al., 2001),
(2) an extended surface charge patch (αC helix) which
may help regulate chromatin compaction (Fan et al.,
2004), and (3) a small internal loop that helps ensure
that nucleosomes contain either two H2A.Z molecules
or two H2A molecules (Suto et al., 2000).
Studies in several organisms have contributed to our
current understanding of H2A.Z function. In mammals,
H2A.Z localizes with Hp1α (heterochromatin protein 1)
to pericentric heterochromatin during early develop-
ment (Rangasamy et al., 2003). Furthermore, Hp1α and
H2A.Z cooperate to help form higher-order chromatin
(Fan et al., 2004), suggesting roles for H2A.Z in hetero-
chromatin compaction. Studies in flies present a com-
plex picture; the fly ortholog, termed H2AνD, appears
to be a hybrid of two mammalian H2A variants (Redon
et al., 2002). On polytene chromosomes, H2AνD dis-
plays a widespread nonrandom distribution, though it
is notably absent from loci that are the most highly tran-
scribed (Leach et al., 2000). In addition, although
H2AνD is present at modest levels at certain heat-
shock genes, heat-shock conditions reduced H2AνD
occupancy (Leach et al., 2000). In Tetrahymena, H2A.Z
is associated with active chromatin (Stargell et al.,
1993), and extensive studies on its charged N-terminal
tail show that charge neutralization via acetylation is
critical for H2A.Z function (Ren and Gorovsky, 2001).
Collectively, H2A.Z has complex roles in both transcrip-
tional regulation and chromosome metabolism.
Studies in yeast support broad roles for Htz1 in tran-
scriptional regulation and chromosome metabolism
(Kamakaka and Biggins, 2005). Htz1 occupies the pro-
moter regions of the GAL1–10 and PHO5 genes during
repression; although an htz1 in isolation has no im-
pact on their activation, combining htz1 with muta-
tions in chromatin remodeling complexes confers a sig-
nificant activation defect to these genes (Santisteban
et al., 2000). Furthermore, loss of Htz1 leads to the si-
lencing of genes near telomeres due to the propagation
of SIR proteins into telomere-proximal regions (Men-
eghini et al., 2003; Zhang et al., 2004), suggesting that
Htz1 provides an anti-silencing function. Htz1 function
may extend beyond transcription to genomic stability
and DNA repair, as htz1 mutants show chromosomal
Cell
220loss defects and sensitivity to various DNA-damaging
agents (Kobor et al., 2004; Krogan et al., 2004; Mizu-
guchi et al., 2004). In summary, these studies suggest
a positive role for Htz1 in gene activation and additional
roles in other chromosomal processes.
A central question in the biology of histone variants
is how and where variant nucleosomes are assembled.
The identification of the SWR1 histone exchange com-
plex represented a major advance; SWR1 removes
H2A-H2B dimers and replaces them with Htz1-H2B di-
mers (Kobor et al., 2004; Krogan et al., 2003; Mizuguchi
et al., 2004). Deposition of Htz1 in vivo requires the ca-
talytic subunit of the complex, Swr1, at the limited loci
examined (mainly telomeric). Deposition at telomeres
also requires the SWR1 component Yaf9, a yeast or-
tholog of the human AF9 and ENL proteins involved in
acute leukemias (Zhang et al., 2004). Currently, little is
understood about how SWR1 is targeted to particular
genes and whether chromatin features like acetylation
assist in targeting. Here, Bdf1 may help link SWR1 to
acetylated chromatin; Bdf1 bears two bromodomains
(acetyl-lysine binding domains) and binds acetylated
H3 and H4 in vitro (Ladurner et al., 2003; Matangkasom-
but and Buratowski, 2003). Bdf1 is a member of SWR1
complex (as well as TFIID; Kobor et al., 2004; Krogan
et al., 2003; Matangkasombut et al., 2000) and therefore
may target the SWR1 complex to acetylated regions.
Yeast also contain a paralog of Bdf1, termed Bdf2,
which interacts with TFIID and also with histone H3 and
H4 tails but in an acetylation-independent manner (Ma-
tangkasombut et al., 2000; Matangkasombut and Bura-
towski, 2003). Although Bdf1 and Bdf2 interact physi-
cally (Gavin et al., 2002), a clear link between Bdf2 and
the SWR1 complex has not been established. Still, the
presence of a double bromodomain protein in SWR1
raises the interesting question of whether histone acet-
ylation assists in Htz1 deposition.
Here, we address the following questions regarding
the genome-wide strategy for Htz1 utilization: (1) Where
is Htz1 localized in the genome, and are SWR1 mem-
bers responsible for all Htz1 deposition? (2) What are
the features of occupied sites with respect to acetyla-
tion, activators, promoter features, and gene programs/
classes? (3) Is the main function of Htz1 to form an
antisilencing boundary at telomeres? (4) Does Htz1 re-
distribute when transcriptional programs are altered?
(5) Do occupied genes rely on Htz1 for their full activa-
tion or repression? (6) Are nucleosomes bearing Htz1
more or less stable than those containing H2A, and
does this contribute to gene regulation? As nucleo-
some deficiency and loss are a central feature of pro-
moter regulation (Bernstein et al., 2004; Lee et al.,
2004), this last question is of particular interest. Our
work suggests that Htz1 is deposited at the promoters
of many repressed/basal genes throughout the ge-
nome; Htz1 occupancy correlated with histone acetyla-
tion at particular residues, and occupancy is partially
reliant on the Gcn5 histone acetyltransferase (HAT). Im-
portantly, we show preferential loss of Htz1 (in compari-
son to H2A or H3) from chromatin in vivo in response
to activation and in vitro under conditions of moderate
ionic strength, suggesting that Htz1-bearing nucleo-
somes (possibly in combination with acetylation) are
unstable and susceptible to loss. Taken together, these
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cesults reveal a strategy for the use of this histone vari-
nt—certain repressed promoters are marked with
ragile chromatin that is susceptible to histone loss,
hereby facilitating the binding of transcription factors.
esults
enome-Wide Localization of Htz1
nd the SWR1 Complex
tz1 occupancy genome-wide was determined in a
aploid S. cerevisiae strain during asynchronous
rowth in rich media containing glucose. To enable
tz1 isolation, a derivative encoding HA-tagged Htz1
HA-Htz1) was integrated at the HTZ1 genomic locus.
o identify Htz1-occupied sites, we isolated genomic
NA fragments (average length of 350 bp) associated
ith Htz1 by chromatin immunoprecipitation (ChIP)
sing an αHA (12CA5) antibody. ChIP-enriched frag-
ents and input control DNA were labeled with fluores-
ent dyes (Cy5 and Cy3, respectively) and used to
robe a DNA array of the S. cerevisiae genome. Our
rray consists of the entire genome parsed into two
ypes of segments, open reading frames (ORFs) and
ntergenic regions (IGRs). ORFs and IGRs were spotted
n separate slides, requiring their separate analysis
nd presentation. For each segment, a normalized Cy5/
y3 ratio was determined, which provided a measure-
ent of Htz1 occupancy at each segment. We also ap-
lied percentile rank analysis (a common alternative
ethod) to depict relative Htz1 occupancy. Here, Htz1
ccupancy measurements (Cy5/Cy3 ratios) were or-
ered (from highest to lowest) and then sorted into 100
ins, with each bin containing 1% of the total number
f segments. Segments of highest Htz1 enrichment
ere assigned to the one hundredth percentile rank bin
nd those of lowest enrichment to the first percentile
ank bin. Next, the median percentile rank (MPR) of
hree independent replicate experiments was deter-
ined for each segment. Through this analysis, the me-
ian MPR (mMPR) can be determined for any set of
enes or chromosomal elements and compared to any
ther set of genes/elements. The full Htz1 occupancy
ataset is available in the Supplemental Data available
ith this article online.
Htz1 occupancy was highly reproducible and spe-
ific; three biological replicates yielded Pearson corre-
ation coefficients (r) of R0.94 (Figure 1A), which de-
ended on tagged Htz1 (Figure 1B). Enrichment of
tz1-occupied segments was also efficient; plots de-
icting the distribution of ChIP enrichment ratios were
road, reflecting a consistent nonrandom localization
attern of Htz1 (Figures 1C and 1D). These three Htz1
hIP replicates generated an average of 1743 seg-
ents (ORF, 764; IGR, 979) with at least a 2-fold enrich-
ent (log2 valueR 1; Figures 1C and 1D), whereas only
24 segments (ORF, 33; IGR, 91) were generated from
ntagged replicates.
The catalytic component of the SWR1 complex,
wr1, was also localized during asynchronous growth
n rich media. A tagging construct was integrated into
he 3# end of the chromosomal SWR1 gene to encode
myc-tagged Swr1 protein (Swr1-Myc). Swr1-Myc oc-
upancy was reproducible (r R 0.62; data not shown)
Histone Htz1 Dynamics
221Figure 1. Genome-Wide Localization of Htz1 and SWR1
(A) Htz1 occupancy is reproducible. Htz1 ChIP enrichment at IGRs from Replicate 1 (sorted by log2 ratio, x axis) versus Htz1 ChIP enrichment
in Replicates 2 and 3, plotted as a moving average (window size 80, step 1) of the log2 ratios (y axis). ORF replicates yielded similar results
(not shown). Strain: YBC1867.
(B) Htz1 occupancy is specific. Plotted as in (A), versus the untagged control (YBC1895).
(C and D) Htz1 ChIP is efficient. Distribution of the log2 median ratios of Htz1 ChIP enrichment at IGRs (C) or ORFs (D).
(E) Htz1 occupancy is correlated with Swr1 occupancy. Htz1 ChIP enrichment at IGRs (sorted by percentile rank, x axis) versus Swr1 ChIP
enrichment (YBC2170, or the untagged control strain YBC1895), plotted as the moving average (window size 40, step 1) of the percentile
ranks (y axis).
(F) Venn diagrams depicting the overlap of IGRs with high levels of Htz1 and Swr1. The full dataset consisted of IGRs available in all three
(Htz1, Swr1, and control) individual datasets (2457 IGRs total), from which we compared the top 10% of each.
(G) Swr1 is required for specific Htz1 deposition genome-wide. Htz1 ChIP enrichment in wt cells (sorted by percentile rank, x axis) versus
Htz1 occupancy in swr1 mutants (YBC2162), plotted as the moving average (window size 40, step 1) of the percentile ranks (y axis).
Cell
222but of low efficiency; only 26 IGRs averaged at least a
2-fold enrichment (log2 value R 1), though w200 IGRs
were reproducibly enriched over 1.5-fold. The full Swr1
occupancy dataset is available in the Supplemental
Data. Htz1 and Swr1 coincidence was clear and signifi-
cant, as revealed in MPR comparisons (Figure 1E) and
Venn diagram analyses (p = 5 × 10−26; Figure 1F). Nota-
bly, the promoter with the highest Swr1-Myc occu-
pancy is the SWR1 promoter, raising the possibility for
a regulatory loop involving Htz1 deposition.
Specific Htz1 Deposition Requires Swr1 and Is
Strongly Promoted by Yaf9 Genome-Wide
The pattern of Htz1 deposition at specific loci genome-
wide requires Swr1, as HA-Htz1 occupancy in swr1
mutants was indistinguishable from untagged repli-
cates (Figure 1G). Furthermore, strains lacking the Yaf9
component of SWR1 complex display dramatic reduc-
tions in specific Htz1 occupancy genome-wide (Figure
S1). However, percentile rank analysis showed that the
same loci occupied in the wt strain are occupied in the
yaf9 strain but at a reduced level. Thus, Yaf9 is likely
more important for the mechanism of Htz1 deposition
than the targeting of SWR1.
Htz1 Occupancy at Particular
Chromosome Elements
In higher eukaryotes, H2A variants such as H2A-Bdb
and Macro-H2A cluster to particular chromosomal re-
gions (Chadwick and Willard, 2001; Costanzi et al.,
2000). However, we observe no significant clustering of
Htz1 (data not shown). Htz1 displays average occu-
pancy at the available class of centromere and centro-
mere-adjacent segments (mMPR 51%) and also at the
predicted set of autonomously replicating sequences
(mMPR 53%) (Wyrick et al., 2001). Furthermore, we find
that telomere-proximal IGRs (within 20 kb of the telo-
mere) show average occupancy (mMPR 50%), an unex-
pected result considering the strong downregulation of
genes near telomeres in htz1 cells (Meneghini et al.,
2003; see Discussion). Notably, Htz1 is deficient at cer-
tain loci; Pol I genes show an mMPR of 38%, segments
flanking Pol III genes an mMPR of 39%, and tRNAs
themselves an mMPR of 21%.
Htz1 Occupies Promoters Genome-Wide
To examine whether Htz1 generally occupies promot-
ers, we separated IGRs into three classes: (1) nonpro-
moters, which are flanked by the 3# end of two ORFs,
(2) single promoters, which are flanked by one ORF 5#
end and one ORF 3# end, and (3) double promoters,
which are flanked by two ORF 5# ends. Htz1 has a strik-
ing preference for promoters (Figures 2A and 2B),
whereas TAP-tagged H2A displayed a weak preference
for the alternative class, nonpromoters (Figures 2C and
2D). Highly occupied promoters likely bear (on average)
only one Htz1-containing nucleosome, as these promot-
ers are not detectably H2A deficient (data not shown).
To determine quantitatively whether Htz1 preferen-
tially occupies the promoter or the ORF, we compared
Htz1 occupancy at ten genes by quantitative PCR
(qPCR). At all ten genes, higher occupancy was ob-
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oerved over the promoter region (Figure 2E). Tiling analy-
is of six promoters revealed that the resolution of our
tz1 occupancy measurements was w300 bp and that
he peaks of Htz1 occupancy ranged from w100 to
400 bp upstream of the ATG start codon, which
ould correspond to the nucleosome at the −1, −2, or
3 position of the promoter (Figure S2). Yeast promot-
rs have been classified as either TATA-containing or
ATA-less (Basehoar et al., 2004), and for the two TATA-
ontaining promoters tested (YOR285W and YDL218W),
he peak of Htz1 occupancy was either at or adjacent
o the TATA box (Figure S2).
The promoter specificity observed in our qPCR
nalyses raised the possibility that the detection of
tz1 at ORFs might simply reflect proximity to a highly
nriched promoter. Consistent with this notion, for
ighly enriched ORFs the mMPR of their flanking pro-
oters was 80% whereas the mMPR of their flanking
onpromoters was 31%. This bias strongly suggests
hat ORFs appear occupied in the genome-wide ChIP
ethod due to their proximity to highly occupied pro-
oters. Thus, all subsequent analyses will focus on IGRs.
tz1 Occupancy at Gene Classes
e observe Htz1 at hundreds of promoters with broad
oles in cell regulation. However, significant enrichment
as observed at the following particular gene classes:
itochondrial ribosomal protein genes (mRPGs, mMPR
4%), genes for ribosome biogenesis (mMPR 88%),
enes encoding members of RNA polymerase III
mMPR 88%), and mitochondrial tRNA synthetases
mMPR 81%). Two classes of genes are notably defi-
ient in Htz1: cytoplasmic ribosomal protein genes
cRPGs, mMPR 16%) and translation elongation factors
mMPR 24%), two gene classes with exceptionally high
ranscription rates. Thus, mRPGs and cRPGs are the
ost and least occupied gene classes, respectively.
owever, whereas mRPGs show typical levels of H2A
mMPR 50%), H2A is virtually absent at cRPG promot-
rs (mMPR 10%; Figure S3), in keeping with the obser-
ations of others that cRPG promoters are deficient in
istone H3 (Bernstein et al., 2004; Lee et al., 2004). No-
ably, mRPGs are more highly transcribed in the pres-
nce of a nonfermentable carbon source, whereas
RPGs are more highly transcribed in the presence of
fermentable carbon source (Shamji et al., 2000), rais-
ng the possibility that Htz1 may be utilized selectively
or the mRPG program.
tz1 Occupancy Correlates with Particular
ranscription Factors
he targeting of Htz1 deposition involves SWR1 recruit-
ent, which may be guided by transcriptional regula-
ors or chromatin structural elements/modifications. To
dentify transcription factor candidates, we examined
orrelations between Htz1 occupancy and transcription
actor occupancy of promoters (Harbison et al., 2004).
e find a statistically significant overlap with at least
our transcription factors: Abf1 (p = 6.63 × 10−15), Fkh1
p = 1.27 × 10−4), Reb1 (p = 6.77 × 10−6), and Pho4 (p =
× 10−3). For example, Htz1 occupancy is high at 80
ut of a total of 157 Abf1 targets, including genes en-
Histone Htz1 Dynamics
223Figure 2. Htz1 Prefers Promoters
(A and B) Htz1 strongly prefers promoters genome-wide.
(C and D) H2A weakly prefers nonpromoters. IGRs were assigned to one of three promoter-type classes (see text). Htz1 or H2A occupancy
in tagged (A and C) or untagged control strains (B and D). Htz1 enrichment (log2 median ratio, x axis) versus the percent of IGRs in each
promoter class (y axis). Strains for H2A ChIP: YBC2200 and YBC1894.
(E) Htz1 prefers promoters at individual genes. ChIP enrichment was determined by qPCR (note: RRP43 and RBK1 are divergent). Values are
the average of three independent ChIPs with qPCR determination performed twice. Error bars: SD. The primer sets used for each amplicon
are listed in Table S2; format, (GeneID: promoter, ORF): YOR285W: D, F; YDL218W: I, K; YNL092W: O, Q; PRP12: U, V; YDC1: Y, AA; NUP159:
AC, AE; MRK1: AF, AG; YNL116W: AH, AI; RIM11: AJ, AK; RRP43: AM, AL; RBK1: AM, AN. Values are normalized to an amplicon within
iYMR325W, using primer set A.coding mRPGs, members of RNA Pol III, and nuclear
pore components. A list of genes occupied by these
transcription factors and Htz1 is provided in Table S3.
Htz1 and Bdf1 Preferentially Occupy
TATA-less Promoters
Gene promoters have been classified as either TATA-
containing or TATA-less. Interestingly, transcription of
TATA-containing genes is predominantly affected by
mutations in SAGA components, whereas TATA-less
gene transcription is predominantly affected by muta-
tions in TFIID components (Basehoar et al., 2004; Hui-singa and Pugh, 2004). However, both complexes uti-
lize TBP (the TATA binding protein) for transcriptional
initiation. Each complex also contains unique members
(i.e., Spt3 for SAGA, Bdf1 for TFIID) which have been
localized by genome-wide ChIP (Kurdistani et al., 2004;
Zanton and Pugh, 2004). Our analyses of these data-
sets reveal a clear negative correlation between Bdf1
occupancy and the presence of a consensus TATA-box
in the promoter, whereas Spt3 occupancy is weakly
positively correlated (Figures 3A and 3B; only 19% of
yeast promoters are TATA containing (Basehoar et al.,
2004). Bdf1 is a substoichiometric (or loosely associ-
Cell
224Figure 3. Htz1 Occupancy Is Correlated with Bdf1 and Shows a Preference for TATA-less Promoters
(A) Bdf1 prefers TATA-less promoters.
(B) Spt3 weakly prefers TATA-containing promoters.
(C) Occupancy correlation between Htz1 and Bdf1. Bdf1 occupancy at IGRs (sorted by log2 ratio, x axis) versus Htz1 occupancy, plotted as
the moving average (window size 40, step 1) of the log2 ratio (y axis).
(D) Occupancy correlation between Htz1 and Spt3. As in (C), IGRs were sorted by log2 ratio of Spt3 ChIP (x axis).
(E) Htz1 prefers TATA-less promoters.
Plots for (A), (B) and (E): factor occupancy (single promoter class, sorted by percentile rank, x axis) compared to the fraction of promoters
containing a TATA element (in a sliding window of 80 genes, as a percent of total, y axis). Bdf1 occupancy data is from Kurdistani et al. (2004),
and Spt3 occupancy data is from Zanton and Pugh (2004).ated) member of the SWR1 complex (Kobor et al., 2004;
Krogan et al., 2003), raising the possibility that Bdf1
may help recruit SWR1/Htz1 to TATA-less promoters.
Consistent with this notion, we observe a strong posi-
tive correlation between Bdf1 occupancy and Htz1 oc-
cupancy (Figure 3C), whereas a weak negative correla-
tion is observed with Spt3 occupancy (Figure 3D).
Furthermore, we observe a clear negative correlation
between Htz1 occupancy and the presence of a TATA
box, similar to our observations with Bdf1 (Figure 3E).
Taken together, Bdf1 and Htz1 occupy a largely over-
lapping set of promoters, with a clear bias toward TATA-
less promoters.
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(tz1 Occupancy Correlates with Particular Histone
cetylation Patterns
tz1 occupancy correlates with relative acetylation
evels at particular histone residues at IGRs (Kurdistani
t al., 2004), displaying a strong positive correlation
ith acetylation of the H3 tail at lysine 14 (H3K14ac)
nd a strong negative correlation with H3K27ac (Table
). Also apparent was positive correlation with H2AK7ac
nd H4K8ac and negative correlation with H3K9ac levels.
hereas the absolute levels of promoter H3K14ac are
ot well correlated with transcriptional frequency,
3K27ac levels are well correlated with transcription
Kurdistani et al., 2004), suggesting that Htz1 occupies
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225Table 1. Correlation (r) of Htz1 Occupancy with Histone
Acetylation
Lysines r p Value
H2AK7ac 0.22 <1.00 × 10−16
H2BK11ac 0.12 1.15 × 10−5
H2BK16ac 0.15 2.98 × 10−8
H3K9ac −0.26 <1.00 × 10−16
H3K14ac 0.28 <1.00 × 10−16
H3K18ac −0.20 2.21 × 10−13
H3K23ac 0.06 2.27 × 10−2
H3K27ac −0.35 <1.00 × 10−16
H4K8ac 0.21 1.45 × 10−14
H4K12ac 0.11 6.98 × 10−5
H4K16ac −0.10 2.21 × 10−4
Variance normalization data.genes in their repressed/basal states, which we investi-
gate further below.
Although Htz1 occupancy correlates with particular
acetylation patterns, no single modification appears
solely responsible for directing deposition, as specific
Htz1 deposition patterns are not dramatically altered in
strains bearing amino acid replacement(s) at key sites
of modification in histones H3 or H4: H3K14G, H3K14Q,
H3K14R, H4K16R, H4K16Q, H4K8+16R, H4K5+12R,
H3K4A, H3K4R, or in a set1 strain (data not shown).
However, in each mutant strain, particular genes can be
identified with dramatic reductions in Htz1 occupancy
(data not shown). This raises the possibility that dif-
ferent promoter contexts might impose reliance on a
specific modification for deposition.
Strains Lacking Gcn5 or Bdf1 Show Significant
Reductions in Htz1 Occupancy
Htz1 occupancy correlated with H3K14ac but did not
require this modification. Therefore, we reasoned that
Htz1 occupancy might involve acetylation by HAT en-
zymes that have H3K14 among their preferred sub-
strates and tested Gcn5 and Sas3 (members of the
SAGA/SLIK/ADA and NuA3 HAT complexes, respec-
tively). We observed clear alterations in Htz1 occu-
pancy genome-wide in strains lacking Gcn5; IGRs that
are highly occupied by Htz1 in the wt strain fall an
average of 10–15 percentile ranks in a gcn5 strain
(Figure 4A). The loss of Sas3 also reduces Htz1 occu-
pancy, though to a much lesser extent (Figure 4B).
Thus, Htz1 occupancy shows a significant reliance on
Gcn5 at many loci.
SWR1 complex contains Bdf1, a protein that binds to
acetylated histone tails and is well correlated with Htz1
occupancy (Figure 3C). Therefore, we tested the extent
to which Htz1 occupancy relies on Bdf1 (or its paralog
Bdf2) by examining Htz1 occupancy in bdf1 and
bdf2 strains. Here, we utilized a polyclonal antibody
to Htz1 for ChIP analysis; ChIP efficiencies and Htz1
locations determined with this antibody (in wt cells)
were highly reproducible (r = 0.89) and very similar to
those determined in HA-Htz1-tagged strains (r = 0.88).
Interestingly, loss of Bdf1 conferred a reduction of Htz1
occupancy averaging 10–15 percentile ranks at genes
bearing high levels of Htz1 in wt cells (Figure 4C). Incounter distinction, the loss of Bdf2 altered Htz1 occu-
pancy only slightly (Figure 4D). Thus, Htz1 occupancy
relies on Bdf1 function at many loci.
To quantify these effects, we performed qPCR at the
ten promoters we examined previously for promoter
specificity. Consistent with the genome-wide trends,
significant reductions were observed at most of these
loci in strains lacking either Gcn5 or Bdf1, whereas re-
ductions were observed at fewer loci (and were gen-
erally of lesser magnitude) in strains lacking Sas3 or
Bdf2 (Figure 4E). However, although Htz1 occupancy is
reduced at many promoters in cells lacking Bdf1 or
Gcn5, we did not observe a bias with respect to the
presence or absence of a TATA box (data not shown).
Taken together, Htz1 occupancy shows a significant re-
liance on Gcn5 and on Bdf1, suggesting that these fac-
tors participate in the acetylation and acetyl-recogni-
tion of promoter targets for Htz1 replacement, but
these factors alone do not confer the bias toward TATA-
less promoters.
Htz1 Occupancy Is Negatively Correlated
with Transcription Rate
To understand how Htz1 influences transcription, we
examined whether Htz1 localizes to active or repressed
gene promoters. Here, we compared Htz1 occupancy
(or H2A occupancy) at promoters to the transcription
rate of their respective ORFs (Holstege et al., 1998). We
restricted our analysis to single promoters, which al-
lowed the unambiguous assignment of a promoter IGR
to its linked ORF. Interestingly, Htz1 occupancy was
clearly negatively correlated with transcription rate
(Figure 5A). In counter distinction, H2A was only weakly
negatively correlated (Figure 5B). This raised the possi-
bility that Htz1 might be lost/ejected from promoters
during activation, to a greater extent than H2A.
Activation Promotes Htz1 Loss, Whereas Repression
Promotes Htz1 Acquisition
The experiments above prompted us to test whether
Htz1 exhibits dynamic redistribution in response to
transcriptional changes. Here, we examined the changes
in Htz1 occupancy resulting from heat shock (HS) or
diauxic shift, which each alter the transcription of hun-
dreds of genes. For simplicity, we will refer to “acti-
vated” and “repressed” promoters in relation to the
transcriptional response of their linked ORF. Cultures
were shifted from 25°C to 37°C for 30 min (HS) and then
returned to 25°C for 30 min (recovery). For each condi-
tion, we compared changes in gene expression to
changes in Htz1 occupancy genome-wide. Remarkably,
activated single promoters lost Htz1, whereas re-
pressed single promoters acquired Htz1, with occu-
pancy changes inversely proportional to transcriptional
changes (Figure 5C). For example, genes that are acti-
vated 8-fold (log2 = 3 on the x axis, Figure 5C) display
greater than a 2-fold average decrease in their mMPR
measurement of Htz1 occupancy (log2 −1.1 = −2.2-
fold). Furthermore, recovery from HS largely restored
Htz1 occupancy to initial values, showing that these
changes are both dynamic and reversible. With H2A,
the trend was similar, but the magnitude was greatly
Cell
226Figure 4. Strains Lacking Gcn5 or Bdf1 Dis-
play Reductions in Htz1 Occupancy
(A–D) Htz1 occupancy at IGRs in wt cells
(sorted by percentile rank, x axis) was com-
pared to Htz1 occupancy in mutant strains.
Changes in Htz1 occupancy (MPR; MPR in
mutant − MPR in wt) in mutants were plotted
as a moving average of 80 genes (window
size 80, step 1, y axis).
(E) Relative abundance of Htz1 at 10 promot-
ers in wt (YBC1894), gcn5 (YBC1662),
sas3 (YBC1911), bdf1 (YBC2512), and
bdf2 (YBC2513). ChIPs utilized polyclonal
αHtz1 antibody, and values are the average
of three independent ChIPs quantified by
qPCR. Error bars: SD. Primer sets as in Fig-
ure 2 (Z, for YDC1).reduced (Figure 5D). This behavior may be general, as
the diauxic shift provided a similar response; Htz1 was
lost at activated genes and gained at repressed genes
(Figure 5E). We then tested the relationship between
Htz1 occupancy and TBP occupancy. Interestingly, we
found that TBP occupancy at IGRs (omitting Pol III
genes; Roberts et al., 2003) and Htz1 occupancy are
inversely correlated (Figure 5F).
We next examined a particular gene promoter acti-
vated by HS that initially bore high levels of Htz1. We
chose the promoter for YDC1 (pYDC1) which encodes
a ceramidase required for HS response (see Figure S2
for diagram). To examine the kinetics of Htz1 loss, we
performed a HS time course. Remarkably, at pYDC1
Htz1 is lost rapidly and to a much greater extent than
either H2A or H3 (Figure 6A). Moreover, the kinetics
suggested that Htz1 loss was not replication depen-
dent. Taken together, promoters bearing high levels of
Htz1 that are activated by HS rapidly lose Htz1 during
activation.
Htz1 Promotes Activation, Not Repression,
of Occupied Promoters
Next, we examined the extent to which genes bearing
Htz1 at their promoter rely on Htz1 for regulation. Here,
we subjected wt and htz1 cells to HS and performed
transcription profiling. Importantly, we observed an at-
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denuation of activation of a particular class of genes;
hose genes that in wt cells lose the highest proportion
f Htz1 (Figure 6B). For example, genes normally acti-
ated about 4-fold in wt (log2 = 2, on the y axis) are
ttenuated to 2.8-fold activation (log2 = 1.5, on the y
xis) in htz1 cells (Figure 6B, region 1). In keeping with
his overall trend, YDC1 activation is attenuated almost
-fold in htz1 cells during the early response to HS,
onsistent with the kinetics of Htz1 loss (Figure 6C). In
ontrast, genes repressed following HS show no reli-
nce on Htz1 for their repression (Figure 6B, region 2).
aken together, these results suggest that Htz1 is de-
osited at promoters during repression but is not re-
uired to establish the repressed/basal state (at least
or the HS response). Instead, it appears to poise the
romoter to facilitate activation through ejection/loss
uring a later activation program.
tz1 Is More Susceptible to Release from Purified
east Chromatin Than H2A or H3
ext, we sought a biochemical basis for our observa-
ion that Htz1 is lost/ejected from promoters to a
reater extent than is H2A during activation. One clear
ossibility is that nucleosomes bearing Htz1 are less
table than their H2A-containing counterparts in yeast
hromatin, rendering them more susceptible to ejection
uring activation. To examine this, we performed a
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227Figure 5. Htz1 Is Negatively Correlated with
Transcription and Redistributes as Tran-
scription Changes
(A and B) Htz1 is negatively correlated with
transcription and to a greater extent than
H2A. Genes were sorted by transcription
rate (x axis), and compared to Htz1 occu-
pancy (A) or H2A occupancy (B), plotted as
the moving average (window size 40, step 1)
of ChIP enrichment (log2 ratio, y axis).
(C) During HS, Htz1 abandons activated pro-
moters and occupies repressed promoters.
Changes in gene expression resulting from
HS (30 min) were quantified by microarray
analysis and sorted according to their mag-
nitude (log2 ratios, x axis). Values are the
average of three biological replicates. Htz1
occupancy during HS (30 min) or following
recovery from HS (30 min after their return to
25°C). Plots depict the moving average (win-
dow size 40, step 1) of the change in Htz1
ChIP enrichment relative to time zero (no
HS), either during HS or following the recov-
ery from HS (y axis: log2 [MPR ratio (HS or
recovery/no HS)]).
(D and E) Plot parameters as in (C).
(D) H2A occupancy decreases slightly at ac-
tivated promoters in response to HS.
(E) Htz1 dynamics during diauxic shift. Con-
ditions: 8hr growth to a final OD600 of 6.2.
Values are the average of two biological rep-
licates.
(F) Htz1 and TBP occupancy are negatively
correlated. TBP occupancy (promoter IGRs,
Pol III targets omitted) was sorted (by per-
centile rank, x axis) and plotted against a
moving average (window size 80, step 1) of
Htz1 occupancy (percentile rank, y axis).standard yeast chromatin preparation and subjected
the chromatin pellet to salt washes of increasing ionic
strength. Remarkably, HA-Htz1 is largely removed un-
der conditions of moderate ionic strength and almost
fully removed under conditions of high ionic strength.
In contrast, little or no H2A-TAP or H3 is removed under
either condition (Figure 6D). This behavior is not con-
ferred by the epitope tags on Htz1 or H2A, as identical
results were obtained with chromatin purified from an
untagged wt strain examined with polyclonal Htz1 or
H2A antibodies (data not shown). Taken together, nu-
cleosomes bearing Htz1 present in yeast chromatin are
less stable than their canonical counterparts; this prop-
erty may serve to mark repressed/basal promoters with
a nucleosome susceptible to histone loss during acti-
vation.
Discussion
Cells utilize histone variants to construct specialized
chromatin structures that assist in transcriptional regu-
lation, DNA repair, and chromosome segregation (Ka-
makaka and Biggins, 2005). Although mammals have
many histone variants, only two are shared among all
eukaryotes: a histone H3 variant (specialized for centro-
mere function) and an H2A variant, termed H2A.Z in
mammals and Htz1 in Saccharomyces cerevisiae. Nu-
merous studies have established roles for H2A.Z/Htz1in transcriptional regulation, chromosome structure,
and DNA repair (see Introduction). However, the studies
involving transcriptional regulation have been limited to
an examination of Htz1 function at relatively few genes
and have not provided a clear mechanism for the use
of Htz1 in gene regulation. Our studies examined Htz1
occupancy and dynamics genome-wide in response to
environmental changes and also in strains lacking can-
didate regulators of Htz1 function. The results moti-
vated a biochemical analysis of Htz1 in purified chro-
matin which, together with previous studies, suggest
a strategy and mechanism for Htz1 in gene regulation
(Figure 7).
Htz1 Occupancy at Chromosomal Elements
Htz1 is not highly enriched at centromeres and pre-
dicted origins of replication. However, as we utilized
asynchronous cultures, cell cycle-dependent associa-
tion of Htz1 remains to be examined. Furthermore, loci
bearing the “average” level of Htz1 may still utilize Htz1
for their regulation. Strains lacking Htz1 show the phys-
ical spreading of silencing factors (SIR proteins) from
certain telomeres into telomere-proximal genes (Zhang
et al., 2004), imposing transcriptional silencing (Men-
eghini et al., 2003). This raised the possibility that Htz1
levels at telomeres might be exceptionally high in order
to build an antisilencing “boundary.” However, we did
not observe enrichment of Htz1 in telomere-proximal
Cell
228Figure 6. Htz1 Is Susceptible to Loss, Which Both Accompanies and Facilitates Activation
(A) During activation of YDC1, Htz1 is lost to a greater extent than H2A or H3. Histone ChIP enrichment at YDC1 promoter was determined
by qPCR (primer set Y). Values are the average of three independent ChIPs with qPCR determination performed twice. Error bars: SD. Strains:
YBC2128 (Htz1 and H3 ChIPs) and YBC2228 (H2A ChIPs).
(B) Deletion of HTZ1 attenuates activation but not repression in response to HS. The change in Htz1 occupancy in wt upon HS (30 min; sorted
by log2 [MPR ratio (HS/no HS)], x axis) at each promoter was compared to the change in the expression of their linked ORFs in wt and htz1
strains, plotted as the moving average (window size 40, step 1) of expression changes upon HS (y axis). Boxes denote regions of the graph
discussed in the text.
(C) HTZ1 is required for full activation of YDC1 in response to HS. Changes in YDC1 expression during HS time course in wt, and htz1
strains were quantified by microarray analysis, and values are the average of three biological replicates. Error bars: SD.
(D) Htz1 is more susceptible to loss from yeast chromatin than is H2A or H3. Chromatin was prepared from a strain (YBC2228) bearing HA-
Htz1 and H2A-TAP alleles. Equal portions were treated with increasing levels of sodium chloride (indicated), supernatants were removed, and
the resulting chromatin pellet was treated with MNase to generate mononucleosomes. Histones were separated by SDS-PAGE and immu-
noblotted (anti-HA, anti-Protein A, and polyclonal αH3 antibodies were used, respectively), or stained with Coomassie blue dye (bottom
panel). Asterisk denotes full-length H3 and the lower band a common proteolytic product.dent silencing of telomere-proximal genes (Kimura et
Figure 7. A Model for Htz1 in Transcriptional
Regulation
An Htz1-containing nucleosome (green disks,
central nucleosome) occupies the promoters
of certain repressed/basal genes, with a
preference for TATA-less promoters. The de-
position process requires SWR1 complex
and is facilitated/targeted by Bdf1 and the
acetyltransferase Gcn5. Acetylation of H3K14
and other residues by Gcn5 (and other HATs)
likely underlies the observed correlations be-
tween histone acetylation and Htz1 occu-
pancy. Although present during repression,
Htz1 does not have a specialized function
that promotes repression. Rather, biochemi-
cal experiments and occupancy dynamics
establish the Htz1 nucleosome as suscepti-
ble to ejection (“fragile”), suggesting that the
presence of Htz1 poises the repressed and
basal states for full activation. Transition to the active state typically involves the action of chromatin remodeling factors (black oval) and the
binding of activators to the enhancer (Enh). These factors likely collaborate to eject the Htz1 nucleosome, which facilitates activation by
exposing promoter DNA to TFIID and other transcription factors.
teins can spread through Htz1-occupied genes defi-regions (mMPR of 50%, within 20 kb). Interestingly,
cells bearing H4K16 substitutions display SIR-depen-
a
al., 2002; Suka et al., 2002) but retain Htz1 occupancy
t those loci (data not shown), suggesting that SIR pro-
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229cient in H4 acetylation. Thus, Htz1 is likely one of many
factors that contribute to antisilencing, with acetylation
of prime importance.
Htz1 Generally Occupies Pol II Promoters
and Requires Swr1 for Promoter Deposition
Our studies revealed Htz1 at the promoters of hundreds
of Pol II genes. Some promoter occupancy was ex-
pected based on previous studies (Larochelle and Gau-
dreau, 2003; Santisteban et al., 2000), but the wide
scope and Pol II specificity revealed in our analysis
firmly establishes Pol II promoter occupancy as a gen-
eral property of Htz1. Notably, we observe significantly
higher levels of Htz1 at TATA-less promoters, which
preferentially utilize TFIID for initiation. At present, the
factors or chromatin patterns directing this bias have
not been identified, but the observation remains com-
pelling. As Htz1 deposition at promoters genome-wide
requires Swr1, and as Swr1 largely colocalizes with
Htz1 on chromatin, SWR1 complex is established as
the primary (if not the sole) factor directing specific lo-
calized Htz1 deposition (Figure 7). Thus, the central
questions regarding Htz1 deposition now focus on un-
derstanding how SWR1 is recruited to Pol II promoters
and the nature of the bias for TATA-less promoters.
Roles for Bdf1, Gcn5, and Histone Acetylation
in Promoting Htz1 Occupancy
SWR1 recruitment could involve: (1) physical interac-
tions between SWR1 and DNA sequence-specific tran-
scriptional regulators, (2) physical interactions between
SWR1 and promoter binding initiation factors (such as
TFIID or SAGA components), or (3) recognition of modi-
fied histones by Bdf1 or other SWR1 components. Our
work addresses aspects of all three processes. First,
our occupancy correlations revealed four transcription
factors as candidate recruiters of SWR1 (Table S3),
which require testing. Second, we show that Bdf1
(which bears two bromodomains with a relatively broad
range of acetylation recognition) is required for full Htz1
deposition at many loci. Third, we provide three links
among Bdf1, histone acetylation, and Htz1 deposition:
the aforementioned involvement of Bdf1, the reliance
on Gcn5 for full Htz1 occupancy at many loci, and the
correlation between Htz1 occupancy and acetylation at
particular histone residues (Figure 7). Here, we empha-
size that our correlations with acetylation do not define
a single chromatin state that “codes” for Htz1 deposi-
tion; not all highly occupied IGRs bear all correlated
marks. Furthermore, as significant Htz1 deposition oc-
curs in cells lacking Bdf1 or Gcn5, other HATs and other
factors that recognize modified histone tails must con-
tribute to acetylation patterns and their recognition.
Therefore, our data is consistent with Gcn5 contributing
(along with other HATs) to a promoter acetylation pat-
tern recognized by Bdf1 and other factors that promote
Htz1 deposition. In addition, transcription factors may
work together with HATs and Bdf1 to recruit SWR1 to
particular promoters.
Htz1 Dynamics
A central issue in chromatin biology is how histone/
nucleosome occupancy affects transcription. As nu-cleosomes can block the binding of transcriptional reg-
ulators and machinery, factors that mediate histone
loss could serve general roles in the exposure of pro-
moter sequences. Remarkably, nucleosome deficiency
is a general property of yeast promoters (Bernstein et
al., 2004; Lee et al., 2004), and the activation process
promotes histone loss (Boeger et al., 2003; Deckert and
Struhl, 2001; Reinke and Horz, 2003). Consistent with
these trends, activation promotes Htz1 loss and repres-
sion its deposition, an observation consistent with pre-
vious studies of Htz1 at PHO5 and GAL1–10 (Larochelle
and Gaudreau, 2003; Santisteban et al., 2000). Our
studies establish this as a general property of Htz1. Im-
portantly, we show that Htz1 loss or acquisition is of
greater magnitude than H2A, suggesting Htz1 as a dy-
namic variant. This dynamic nature likely contributes
to the full and rapid activation of occupied genes, as
attenuated activation (but not repression) in htz1
strains is observed primarily at genes highly occupied
in wt cells (Figure 6B). Taken together, our data suggest
Htz1 as a general activator that is deposited during re-
pression, whose loss promotes activation.
Htz1 Susceptibility to Loss as a Mechanism
to Expose Promoter DNA
We observe nearly quantitative loss of Htz1 from puri-
fied yeast chromatin in ionic conditions that cause little
or no release of histone H2A or H3, providing biochemi-
cal evidence that Htz1 nucleosomes are less stable
than H2A nucleosomes in purified yeast chromatin.
Structural studies suggest subtle differences at the di-
mer-tetramer interface that could confer relative insta-
bility (Suto et al., 2000). However, two careful biophysi-
cal studies of recombinant H2A.Z nucleosomes came
to opposite conclusions, with one study showing in-
creased stability (Park et al., 2004) while another
showed decreased stability (Abbott et al., 2001) relative
to H2A nucleosomes. However, our studies involved an
analysis of Htz1 in chromatin purified from yeast cells.
The instability we observe in chromatin might be an in-
trinsic property of nucleosomes bearing Htz1, a prop-
erty of the modifications present on these nucleosomes
(or in the region, Table 1), or a combination of both. We
note that as Htz1 is present at only w5% of the levels
of H2A, our data does not definitively determine
whether the entire Htz1 nucleosome is ejected or
whether only the Htz1-H2B dimers are removed, leaving
a resident H3-H4 tetramer. This is also true for our
in vivo assessments of Htz1 loss; as the DNA fragments
isolated in our ChIP experiments range from 150–600
bp, the specific loss of one Htz1 nucleosome in an ar-
ray with other H2A nucleosomes would result in only
modest reductions in H3 levels. Thus, only relative loss
can be assessed.
One unresolved question is how Htz1 loss is coupled
to activation. One possibility is that a chromatin remod-
eler could actively eject Htz1 nucleosomes, with partic-
ular tail modification patterns helping to guide the ejec-
tion process. Thus, a speculative model consistent with
our data is that Htz1 nucleosomes in yeast chromatin
are more susceptible to ejection than their canonical
counterparts when acted upon by remodeling com-
plexes, due to a combination of intrinsic properties and
Cell
230modifications (Figure 7). Ejection could facilitate the
binding of TBP or the binding of transcriptional activa-
tor proteins, either of which would promote the activa-
tion process. Our demonstration of Htz1 dynamics and
instability provides a mechanistic basis for the loss of
an Htz1 nucleosome and the exposure of promoter
DNA during activation.
Experimental Procedures
Yeast Strains, Media, and Genetic Methods
Full genotypes for strains are provided in Table S1. Isolation of
strains, genetic methods, and preparation of media followed stan-
dard procedures.
Heat Shock and Diauxic Shift
For HS, cells were grown in YPD at 25°C to an OD600 of w0.8, and
a fraction of the culture was taken as a control sample (T = 0, no
HS). The remainder were collected and resuspended in YPD pre-
warmed at 37°C. Growth was continued at 37°C for 30 min and
samples were collected (HS). Then the culture was shifted back to
25°C for 30 min and samples were collected (recovery). For the HS
time course, cultures at the indicated time points were split for
expression profiling and ChIP analysis (by qPCR). For diauxic shift
experiments, cells were grown in YPD at 30°C to an OD600 of w0.3
(T = 0), and samples were collected every 2 hr for 24 hr.
RNA Preparation, ChIP, qPCR, and Microarray Analysis
Procedures were performed as described in Roberts et al. (2003),
with details provided in the Supplemental Experimental Pro-
cedures. Primer sets for qPCR analysis are provided in Table S2.
Chromatin Preparation
A detailed description of the chromatin preparation is provided in
the Supplemental Experimental Procedures. In brief, cells were col-
lected during log phase growth and spheroplasted using glusulase.
Nuclei were separated on a sucrose cushion; membranes were ex-
tracted by detergent. The chromatin pellet was then isolated via
centrifugation and subjected to salt extraction using buffers of
increasing stringency. Samples were analyzed by SDS-PAGE, Coo-
massie blue staining, and Western analysis.
Supplemental Data
Supplemental Data include four figures, four tables, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.cell.com/cgi/content/full/123/2/219/DC1/.
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